In Brief
Mao et al. explore the relationship between small-RNA pathways and the acquisition and maintenance of the heterochromatic histone modification H3K27me3. This work reports that, in C. elegans, both exogenous and endogenous siRNAs can direct histone H3K27 methylation at targeted loci through the Nrde pathway.
SUMMARY
Small-RNA-mediated chromatin modifications have been widely studied in plants and S. pombe [1] [2] [3] . However, direct evidence of small-RNA-guided sequence-specific chromatin alterations is scarce in animals [4] [5] [6] [7] . In C. elegans, the nuclear RNAi defective (Nrde) pathway functions to transport siRNA from the cytoplasm to the nucleus, modulate transcription elongation, induce histone H3 lysine 9 (H3K9) trimethylation, and mediate transgenerational inheritance of RNAi [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Here, we show that both exogenous RNAi and NRDE-bound endogenous 22G RNAs can direct sequence-specific histone H3 lysine 27 (H3K27) trimethylation at targeted loci through the Nrde pathway. The resulting H3K27me3 status can be inherited by progeny for multiple generations. piRNAs and WAGO-1-associated siRNAs induce H3K27 methylation as well. Interestingly, CSR-1-associated endogenous siRNAs fail to trigger H3K27 methylation, whereas exogenous provision of dsRNAs can induce H3K27 methylation at the CSR-1-targeted loci via the Nrde pathway. We further observed distinct genetic requirements of H3K9 and H3K27 trimethylation. Whereas set-25 and met-2 are required for K9 methylation, mes-2 is required for K27 methylation. The depletion of mes-2 leads to a nuclear RNAi defective phenotype. These results indicate that dsRNA-triggered chromatin modification is a sequence-specific response that engages the Nrde pathway in C. elegans.
RESULTS
RNAi Can Direct Sequence-Specific Histone H3K27 Trimethylation We previously conducted a genetic screen and identified the nrde factors specifically required for nuclear RNAi [8, 10] . Here, we tested a series of mutants that were reported to be defective in chromatin modifications [13, 15, 16] and found that mes-2 is required for nuclear RNAi (Table S1 ). Similar to eri-1(mg366);nrde-2(gg091), the double mutant eri-1(mg366); mes-2(bn11) is defective in the silencing of lir-1, lin-15b, and dpy-13 genes and modestly defective in unc-15 silencing, although pos-1 silencing is normal. MES-2 is a subunit of the Polycomb-like chromatin-repressive complex (PRC2), which acts as an H3 lysine 27 (H3K27) methyltransferase in C. elegans [18] .
To investigate the relationship between Nrde pathway and H3K27 methylation, we first examined whether exogenously provided dsRNA can trigger H3K27 trimethylation by ChIP assay. We conducted the analysis in synchronized embryos, normalized the H3K27 methylation signal of the targeted site to that of eft-3 gene, and calculated the relative H3K27me3 levels of animals with and without RNAi. Two independent antibody clones, Millipore nos. 07-449 and 17-662, were used to confirm that the results were consistent and specific to H3K27 methylation and not other histone modifications. dsRNAs targeting lin-15b, lir-1, or dpy-28 induced a 2-to 5-fold enrichment of H3K27 methylation on the targeted genes in wild-type animals ( Figures 1A, 1C , 1E, and S1A-S1C). We further evaluated the target specificity by comparing the levels of H3K27 methylation on lin-15b, lir-1, and dpy-28 genes after lin-15b RNAi. dsRNA targeting lin-15b induced H3K27 methylation on lin-15b, but not on lir-1 or dpy-28 ( Figures 1B and S1D ). Similar specificity was observed when lir-1 and dpy-28 were RNAi silenced ( Figures 1D, 1F , S1E, and S1F). Therefore, RNAi triggers sequence-specific H3K27 trimethylation.
eri-1(mg366) animals exhibit enhanced RNAi sensitivity compared with wild-type animals [19] . Correspondingly, dsRNA targeting lin-15b in eri-1(mg366) animals induced approximately 8-fold and 5-fold increases (detected with the no. 07-449 and no. 17-662 antibodies, respectively) of H3K27me3 on the lin-15b locus (Figures S1G and S1H).
As has been shown for dsRNA-induced H3 lysine 9 (H3K9) methylation [9, 12] , the H3K27 methylation caused by RNAi can spread to nearby sequences. Whereas the dsRNA-targeted site exhibited the strongest increase in H3K27 trimethylation, sequences located adjacent to the targeted site in the genome also showed weak increases of H3K27me3 levels after RNAi ( Figures 1A, 1C, 1E , and S1).
These data indicate that the H3K27 methylation induced by exogenous dsRNA is specific to the dsRNA-targeted gene and neighboring loci.
Nuclear RNAi Is Required for H3K27 Trimethylation Next, we investigated the role of the Nrde pathway in small-RNA-induced H3K27 trimethylation. We found that dsRNA targeting lin-15b, lir-1, or dpy-28 genes has little if any effect on the H3K27me3 status of the targeted loci in nrde-2(gg091) or nrde-3(gg066) animals ( Figures 1A, 1C, and 1E) . Similarly, small RNAs can elicit H3K9me3 through the Nrde pathway [9, 12] . Therefore, we conclude that the Nrde pathway is required for both H3K9 and H3K27 trimethylation induced by RNAi.
Nrde-Associated Endogenous siRNAs Direct H3K27 Trimethylation The nuclear Argonaute protein NRDE-3 associates with a subset of 22G endo-siRNAs and directs H3K9 methylation in C. elegans [8] . We investigated whether NRDE-3-bound 22G siRNAs can elicit H3K27 methylation at targeted genomic loci. e01g4.5 endo-siRNAs are among the most abundant endosiRNAs expressed in C. elegans that bind to NRDE-3 [20] . A 6-fold decrease of H3K27me3 was observed in e01g4.5 gene in both nrde-2(gg091) and nrde-3(gg066) mutants compared with wild-type N2 animals ( Figure 2A ). The nearby genes e01g4.3 and e01g4. 6 , which express few endo-siRNAs, exhibit little change of H3K27 methylation levels in nrde mutants.
We assayed H3K27me3 levels in additional nuclear RNAi-targeted genes in nrde-2(gg091) and nrde-3(gg066) animals. Eight out of nine NRDE-3 targets exhibited decreased H3K27 methylation in both nrde-2(gg091) and nrde-3(gg066) mutants (Figure 2B ). Nine out of 11 HRDE-1 targets exhibited decreased H3K27 methylation in nrde-2(gg091), but not nrde-3(gg066) animals. NRDE-3 and HRDE-1 are nuclear Argonautes expressed in the soma and germline, respectively [10, 21] . Both of these Argonaute proteins require NRDE-2 to conduct downstream nuclear RNAi processes [9] . The dpy-28, ego-1, ama-1, lin-15b, and lir-1 genes, which express few NRDE-3 and HRDE1-associated endo-siRNAs [20] , exhibit little NRDE-dependent H3K27 methylation ( Figure 2B ).
Therefore, we conclude that NRDE-3 and HRDE-1-bound endo-siRNAs direct H3K27 trimethylation in C. elegans.
piRNAs and WAGO-1-Associated 22G Endo-siRNAs Induce H3K27 Methylation C. elegans expresses a number of classes of endogenous small RNAs, including microRNA, piRNA, and endo-siRNA. Here, we examined the H3K27 methylation on the sites targeted by various types of endogenous small RNAs.
piRNAs can direct the production of germline 22G siRNAs and mediate the transgenerational inheritance of gene silencing [13, 15, 16] . We observed a NRDE-2-dependent enrichment of H3K27me3 at piRNA targets (eight out of 14 genes; Figure S2A ). WAGO-1 binds to a subset of germline 22G siRNAs. Three out of nine WAGO-1 targets showed a NRDE-2-dependent H3K27 methylation ( Figure S2B ).
To further investigate the target specificity of siRNA-induced H3K27me3, we analyzed the H3K27me3 levels of endogenous WAGO-1 targets during exo-RNAi. Wild-type and nrde-2(gg091) animals were both fed with or without lin-15b dsRNA, and the H3K27me3 levels of endogenous WAGO-1 targets were quantified ( Figures S2C and S2D ). We observed similar levels of H3K27me3 at the WAGO-1 targets in the presence or absence of lin-15b RNAi, which suggests exo-RNAi targeting lin-15b has little effect on H3K27 methylation of endogenous WAGO-1 targets.
CSR-1-Targeted Genomic Loci Can Be Methylated by
Exo-RNAi through the Nrde Pathway CSR-1 binds to endogenous 22G siRNAs and promotes germline gene expression [22] [23] [24] [25] . We did not detect NRDE-dependent H3K27me3 marks at CSR-1-targeted sites ( Figure S2E ). Although these data do not exclude the possibility of CSR-1-dependent but NRDE-independent H3K27 methylation, we suspect that the means of biogenesis rather than the sequence of the siRNAs determine the effects of RNAi. Consistent with this idea, we found that three out of six CSR-1 target genes exhibited a NRDE-2-dependent increase of H3K27 methylation upon the exogenous provision of dsRNAs ( Figure S2F ). In addition, NRDE-2 associated with the pre-mRNA of the CSR-1 targets, but not with the control eft-3 pre-mRNA, after exo-RNAi ( Figure S2G ).
dsRNAs Induce a Subgenic Chromatin Modification
To further investigate the relationship between the dsRNA trigger and the position of dsRNA-induced H3K27me3, we examined the effect of lin-15b triggers that target either the 5 0 end or the 3 0 end of the lin-15b gene ( Figure S3A ). We found that a 5-kb shift of the location of the triggers was accompanied by a corresponding shift in the H3K27 methylation peaks ( Figures S3B and S3C ). This spatial correlation between the triggering dsRNA and H3K27 methylation reveals that the specificity of the chromatin response is determined by events on a subgenic scale.
Transgenerational Inheritance of RNAi-Induced H3K27me3 dsRNA-triggered gene-silencing effects can last for multiple generations in C. elegans, but the ability to pass on those silencing effects is depending on both small-RNA-directed and chromatin-based mechanisms [21] . We observed that H3K27me3 can be inherited and maintained in the progeny of oma-1(RNAi) worms for multiple generations (Figure 3) . Interestingly, the H3K27me3 marks eventually revert to the original state in the absence of the trigger. Our data suggest that H3K27me3 may play a role in the transgenerational inheritance of RNAi silencing.
Distinct Genetic Requirements for Small-RNA-Induced H3K9 and H3K27 Trimethylation The mechanism underlying small-RNA-induced chromatin modifications is unclear in C. elegans. We investigated a series of mutants, which are implicated in chromatin binding and modifications, by H3K9me3 and H3K27me3 ChIP assays. We found that set-25 and met-2 are required for small-RNAinduced H3K9 methylation, similar to nrde-3 ( Figure 4A ). The double mutant set-25;met-2 exhibits H3K9me3 levels comparable to set-25 or met-2 single mutant, suggesting that they likely function in the same genetic pathway [26] . However, set-25, set-32, hpl-1, hpl-2, met-1, and met-2 mutants failed to exhibit defects in small-RNA-induced H3K27 methylation ( Figure 4B ).
MES-2 is a homolog of Drosophila E(Z) and human EZH2. It contains a SET domain and functions as a histone methyltransferase [18] . Homozygous mes-2 mutant is maternally sterile. We examined the H3K9 and H3K27 methylation levels following exo-RNAi against lin-15b and mes-2 simultaneously. As controls, we performed double RNAi against lin-15b and oma-1 as well as lin-15b and nrde-2. Double RNAi targeting lin-15b and oma-1 together, but not lin-15b and nrde-2, induced an increase of both H3K9 and H3K27 methylation in lin-15b (Figures 4C and  4D) . Strikingly, mes-2 was only required for the RNAi-induced H3K27me3, but not for H3K9me3. MES-2, MES-3, and MES-6 are subunits of the PRC2 complex. We investigated the roles of MES-3 and -6 in nuclear RNAi ( Figure S4A ). We found that MES-6 was required for RNAi-induced H3K27me3. However, MES-3 likely prohibits small-RNA-induced H3K27me3, suggesting that the subunits of PRC2 complex may have distinct roles in chromatin modifications. An H3K36 methyltransferase, MES-4, is required for the RNAi-induced H3K27me3 as well (Figure S4A) . It has been shown that the PRC2 complex and MES-4 cooperate to promote the expression of germline genes and repress the X chromosomes and somatic genes [27] . Here, our data hint that MES-2/6 and MES-4 may also function together to mediate RNAi-induced H3K27me3, yet the mechanism is unclear. In summary, these results suggest that the siRNA/NRDE complex can recruit different chromatin modification factors for H3K9 and H3K27 methylation.
H3K27 Methylation Is Required for Nuclear RNAi
We tested a series of set genes, which are putative histone methyltransferases, for possible roles in nuclear RNAi. Interestingly, mutants for set-25, a gene required for H3K9me3 and involved in transgenerational inheritance of RNAi [13, 15, 16] , failed to exhibit pronounced nuclear RNAi defects (Table S1 ; Figures  S4B-S4D ). We speculate that H3K27 methylation is required for nuclear RNAi. Consistent with this idea, mes-2 was required for RNAi targeting lir-1, lin-15b, and dpy-13 (Table S1) . oma-1(zu405ts) is a temperature-sensitive lethal allele of oma-1 [28] . RNAi against oma-1 suppressed oma-1(zu405ts) lethality; this suppression was partially blocked by mes-2(bn11) ( Figure S4E ). However, mes-2 may also have Nrde-independent roles in RNAi. dsRNA-targeting dpy-11 elicited a dumpy phenotype that can be suppressed by rde-1 or mes-2 mutation, but not by nrde-2 or nrde-3 mutation (Figures S4F and S4G) .
Therefore, small-RNA-induced H3K27 trimethylation may play critical roles in nuclear RNAi.
DISCUSSION
Here, we show that the Nrde pathway is involved in small-RNAdirected H3K27 trimethylation in C. elegans. We describe several features of RNAi-induced H3K27me3 in C. elegans: (1) both exogenous and endogenous siRNAs are able to induce H3K27 methylation ( Figures 1 and 2) ; (2) the chromatin modification is highly specific, with H3K27me3 triggered in a window surrounding the targeted genomic loci ( Figure 1) ; (3) the H3K27me3 marks can be transmitted to progeny for multiple generations ( Figure 3) ; Wild-type and nrde-2(gg091) animals were exposed to oma-1 dsRNA for two generations and then transferred to bacteria without RNAi. H3K27me3 levels were measured on synchronized young adults of each generation. Data were expressed as ratios of samples exposed to ± oma-1 dsRNA (n = 3 ± SD). See also Figure S3 .
and (4) H3K9 and H3K27 trimethylations have distinct genetic requirements, which may play different roles in nuclear RNAi (Figure 4 ; Table S1 ). Several lines of evidence cumulatively suggest that H3K27me3 plays important roles in small-RNA-induced gene silencing. First, MES-2 is required for nuclear RNAi. C. elegans expresses approximately 38 SET-domain-containing proteins [29] , yet MES-2 is the only known H3K27 methyltransferase. Second, mes-2 is maternal sterile, whereas nrde-2 progressively loses progeny [21] . Third, the Nrde pathway is involved in transgenerational inheritance of RNAi [21] and the PRC2 complex has also been shown to epigenetically transmit the memory of gene repression marks [30] .
Interestingly, our data indicate that the Nrde pathway is a critical player in small-RNA-induced chromatin modifications in C. elegans. Both piRNAs and WAGO-1-bound 22G RNAs can induce NRDE-2-dependent H3K27 methylation ( Figure S2 ). Consistently, piRNAs have been shown to elicit transgenerational gene silencing by inducing secondary 22G-RNA synthesis and utilize these siRNAs and NRDE-2 to mediate gene silencing ( Figure S2) [13, 15, 16] . WAGO-1 is a germline Argonaute protein that binds to a subset of 22G-RNAs [31] . There are approximately 27 Agos encoded in the worm genome [32] . It will be very interesting to investigate how many of those Agos use the Nrde pathway to mediate chromatin modifications.
We proposed a working model of nuclear RNAi in C. elegans. siRNAs guide nuclear Argonaute proteins NRDE-3 or HRDE-1 to their targeted pre-mRNAs and then recruit NRDE-2, NRDE-4, and NRDE-1 to the pre-mRNAs and corresponding genomic loci. The NRDE complex further recruits MES-2 for H3K27 methylation and SET-25 for H3K9 methylation at the targeted genomic loci via unknown mechanisms.
EXPERIMENTAL PROCEDURES Strains
Bristol strain N2 was used as the standard wild-type strain. All strains, except oma-1(zu405ts), were incubated at 20 C. oma-1(zu405ts) is a temperature-sensitive lethal strain that was grown at 15 C [28] . The strains used included 
RNAi
RNAi experiments were conducted as previously described [33] . Images were collected using a Leica DM2500 microscope.
Construction of dsRNA-Expressing Plasmids HT115 bacteria expressing the empty vector L4440 (a gift from A. Fire) were used as controls. Bacteria expressing dsRNAs were mostly obtained from the Ahringer RNAi library and were sequenced to verify their identity [34] . lin15b and dpy-13 RNAi clones have been described previously [10, 20] . 
ChIP
Chromatin immunoprecipitation (ChIP) experiments were performed as previously described with hypochlorite-isolated embryos or young adults [9] . After crosslinking, samples were resuspended in 1 ml FA buffer (50 mM Tris/HCl [pH 7.5], 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, and 150 mM NaCl) with proteinase inhibitor tablet (Roche no. 04693116001) and sonicated 23 cycles for embryos or 15 cycles for young adults at medium output (each cycle: 30 s on and 30 s off) with a Bioruptor 200. Lysates were precleared and then immunoprecipitated with 2 ml anti-trimethylated H3K9 antibody (Millipore no. 07-523) or 2 ml anti-trimethylated H3K27 antibody (Millipore no. 07-449 or Millipore no. 17-662). ChIP data of the targeted genes were normalized to co-immunoprecipitated eft-3 promoter DNA. In exo-RNAi experiments, we normalized the ChIP signals to eft-3 and expressed the data as ratios of indicated animals exposed to ± dsRNA. In endo-RNAi experiments, ChIP signals were normalized to eft-3 first and then expressed as fold changes relative to control genotypes. Unless specified, the antibody Millipore no. 07-449 was used in most H3K27me3 ChIP experiments. The results shown are representative of three independent experiments. (n = 3 ± SD). Sequences of real-time PCR primers were listed in Table S2 . For each primer set, usually one primer targets an exon region whereas the other one targets an intron.
RIP RNA immunoprecipitation (RIP) experiments were performed as previously described with hypochlorite-isolated embryos [10] . In particular, 33FLAG:: GFP::NRDE-2 was immunoprecipitated with anti-FLAG M2 antibody (Sigma; no. A2220). NRDE-2-bound RNAs were purified with TRIzol reagent and quantified by real-time PCR.
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